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ABSTRACT
The direct current Hall and magnet©resistance effects 
have been studied in a zinc single crystal at fields up 
to 11 kilogauss and at temperatures from 1*6° to 4-2° K. 
High sensitivity voltage* measurements have shown oscilla­
tions in both the effects which are periodic in the re­
ciprocal of the magnetic field® A second peak system is 
observed superposed on the main oscillations which becomes
mors distinct at high fields and at temperatures below 
I _ o
4*2 K . V/ith a decrease in temperature* the- main peaks in 
the Hall effect and the oscillatory resistance shift toward 
lower values of the magnetic field. Phase and period 
relationships between the Hall and magnetoresistance effect 
are discussed. The value of found equal to
6.4 x 10 H , which remains independent of temperature 
between 4*2° and 1.7° K.
CHAPTER I 
INTRODUCTION
In 1890 E. H. Hall discovered, that when an electrical
current was sent along one axis (X) of a conductor (in the
shape of a rectangular parallelopiped) and a magnetic field
-r
was applied along a second axis (Z) perpendicular to the 
first, a transverse electric field proportional to the
<T
current was set up along the third axis (Y) perpendicular 
to the two others. This phenomenon is referred to as the 
Hall effect. In its simplest form the transverse voltage 
or the Hall voltage is directly proportional to the magnetic 
field. At low temperatures the Hall voltage departs from 
the simple proportional behavior and anomalies appear, one 
of which is an oscillation of the Hall voltage versus the 
magnetic field. It is observed that the oscillatory be­
havior is not confined to the Hall effect. In fact oscil­
latory field dependence has shown to be exhibited in such 
other effects as the diamagnetic susceptibility , thermal 
and electrical magnetoresistance and the Peltier effect.^
It is considered that the oscillatory effects spring 
from the fact that in the presence of a magnetic field the 
electronic energy levels are quantized^ so that any electronic 
properties of metals will be effected by the quantization.
Where sensitive techniques are available the effects may be 
detected and measured. The fact that the oscillatory be­
havior has not yet been detected in electronic specific heats 
is probably due to the fact that calorimetric techniques are 
relatively insensitive. Also different metals will exhibit 
these effects with different magnitudes, some too small to 
be detected.
The strongest oscillatory effects are exhibited by 
bismuth in which they were first discovered. Shubnikov and 
de Haas, working on bismuth single crystals, observed de­
parture from the expected monotonic increase in the magneto- 
resistance. De Haas and Van Alphen following closely, 
observed that the magnetic susceptibility of bismuth varied 
periodically with the reciprocal of the magnetic field at
*7
low temperatures. Reynolds et. al.' found the Hall effect 
in bismuth to be similarly field dependent on the magnetic 
field.
Marcus observed departures from the usual monotonic 
increase in the magnetoresistance in zinc at low tempera­
tures and after elimination of the monotonic terms he was 
able to show that the electrical and thermal magnetoresis- 
tance of zinc varied periodically with the reciprocal of 
the magnetic field. Shoenberg^ and Verkin and Dmitrenko^0 
observed anomalies in the megnetic susceptibility of zinc 
at low temperatures. Verkin and Dmitrenko examined nineteen 
different orientations of zinc single crystal with respect
to the magnetic field, and detected oscillations in the 
magnetic susceptibility. Borovik'1'1 made a detailed study 
of the magnetoresistance and the Hall effect in zinc and 
other metals at fields up to 25 KG. He detected indications 
of the de Haas van-Alphen type oscillations in the Hall
*1 p
effect in Zinc. Alers studied the thermal and electrical 
magnetoresistance effects in zinc at low temperatures and 
found both the effects periodic in the reciprocal of the 
magnetic field.
Because of the simple oscillatory dependence in the 
susceptibility as shown in the experiments of Verkin, it was 
considered of interest to examine the field variation of the 
Hall and magnetoresistance effects in zinc with greater 
sensitivity than used by previous workers. It was felt that 
a systematic study of the field dependence of these effects 
would be of value in bringing out and relating any simi- 
larities in important characteristics of the Hall and magneto 
resistance effects and the de Haas van-Alphen effect in zinc.
Chapter II opens with an explanation of the Hall effect 
in its simplest form and goes on to deal qualitatively with 
the important theoretical attempts to explain the phenomenon. 
A short review of related work on other metals is presented 
and the chapter concludes with an account of concepts evolved 
in the more recent theoretical interpretations.
The growth of metal single crystal of zinc was a part of 
this study and some of the important features of the process
o
■J
k
and apparatus built for the purpose are given in Chapter
III.
To obtain reasonable accuracy of measurements it was 
incumbent to have highly sensitive detection equipment. The 
equipment and different elements of the circuit and their 
assemblage is given in Chapter IV.
An experiment has its own rather characteristic process 
and a sufficiently satisfactory procedure is evolved by 
practice. The elimination of unsatisfactory grounds and 
themal and induced noises, to cite a few is most important 
for the accuracy and reproducibility of results. Details of 
this appear in Chapter V.
Observations on the Hall and magnetoresistance effects 
are described in Chapter VI. The experimental plots of the 
Hall voltage and magnetoresistance are given. A table giving 
representative data appears in the appendix.
Chapter VII deals with the analysis and discussion of 
the observations. Results obtained in this investigation 
are compared with the conclusions of other workers in the 
field. The main conclusions and also the apparently new 
features observed in this study are presented at the end of 
the chapter.
o
CHAPTER II 
THEORY
Under isothermal conditions if a magnetic field is im-
o
pressed on an isotropic current carrying system, several 
effects are observed'which are grouped under the general
o
title of galvanomagnetic effects. In what follows, a study 
has been made of two of these, the Hall and magneto­
resistance effects due to transverse magnetic fields at 
liquid helium temperatures.
A knowledge of these effects is of interest in under­
standing the nature of electric conduction in metals. The 
Hall coefficient gives the nature and concentration of 
particles responsible for electric conduction. More
o
quantitative electronic parameters can be determined when 
magnetoresistance data are associated with the Hall effect 
data.
The nature of these effects is not fully understood at 
this time (1958). The phenomenon in divalent and transition 
metals is too complex to lend itse.lf to any simple theo­
retical interpretation. Attempts have been made with some
o 0
success to explain these effects with the aid of what are 
known as single and overlapping conduction band models. As
ofor oscillatory field dependence of the Hall and magneto-
o ° a
resistance effects at low temperatures theories have not
been as successful as the theories o^ similar field oscil­
lations of susceptibility. A brief account of some of
Q
these theoretical attempts is given in the following. @
(A). One Band Model
In this case the Fermi surface is considered 
to be spherical in shape and the conducting particles are
o
considered to have an isotropic mass and relaxation time.
o
This is an ideally simple arrangement, and as shall be
o
observed below, fails to correlate the observed phenomenon 
except in a few cases.
O
When a current carrying specimen In the form of a plane 
rectangular slab is placed in0 a magnetic field perpendicular
o
to the direction of the current, the voltage developed at 
right angles both to the current and the field, is known as
o
the Hall voltage. Transverse magnetoresistance as the name 
implies Is the change in resistance produced by the applica­
tion of a transverse magnetic field and is measured generally 
In terms of:
48 _  ^ R (_B) -
R  " Rto) (1)
© O
where R(B) and R(0) are the resistances with and without the 
magnetic field respectively. «
The Lorentz force on an electron of charge 1e1 and mass 
l?m*, moving with a velocity fv* in a magnetic field *B»
O
O
o
o
under an electric field *£* is given by: 
o
(S)
oO
Ifothe magnetic field is applied along the Z-axis and the ©
—1t
direction of current flow is along the X-axis we have:
e ( s y - * o (3)
Here Ey is the Hall field and Vx is the electron velocity. 
Equation (3) gives
t  = v, B ^  - \  M
• •
9 /\ • 0where® j is the current density given by;
*
i =  NC.V . (5)
X *
9
The Hall coefficient is defined by the relation
R ;pg ='ue (6)
'* %
and the Hall angle is given by:
^  * /*■ 8 (7)
E k
Herejj, stands for the carrier mobility which is defined by 
the relation:
H  * «■_£
cyY\
o
wfth i  being the relaxation time.
Considering the electrons as the charge carriers, 
equation (6) would give a negative Hall coefficient. As­
suming one conduction electron per°atom the calculated and
0 o
observed ^values are found to be in fair agreement in case
of monovalent metals only. In the case of zinc, beryllium,
etc. however, the Hall- constant ®R* is found to be positive.
The simple theory based on a single conduction band as
O
described above fails to account for the existence of magneto­
resistance in the first approximation. Under conditions of 
isotropy of mass and relaxation time, the Lorentz force 
experienced by each carrier could be the same in the magnetic 
field producing no dispersion in the carrier paths and hence
no change in current and conductivity. However a second
12approximation for low fields gives Frank’s formula:
?
where is the resistivity. This gives a quadratic field
Q ©
dependence. The predicted value of the constant *A* how­
ever, comes out far too low.
C
(B). Overlapping Two Band Model
Sondheimer and Wilson^ have considered the 
overlapping two band model to obtain better agreement with 
observed phenomenon. They assume a quadratic energy-momentum
O
relationship and introduce the concept of effective masses.
©
Here the two normal bands are considered to overlap with 
positive effective masses for one (electrons) and negative
©for another (holes). The total current density is |he sum 
of the separate current densities due to the holes and 
electrons i.e. o
\ -- A  + A
' « t. (9)
o
o and similarly for conductivities ° O
■a- * cr£ + (10)
0
The results derived, entail considerable simplifying as­
sumptions such as isotropic relaxation times and spherical
Fermi surface for each band. The following special cases
0
are of interest.
(i) ’ \  ^  \
For small fields the Hall angle varies linearly with 
*B*. The dependence remains linear in large fields too but
o
the slope changes. The resistance tends to a maximum for 
large fields.
(2 ) -A =  ^ I.
In this case the Hall angle varies linearly with the 
field, reaches a maximum and then tends asymptotically 
towards zero.
&
Also we get:
* L  . ( £ £ - )  Sz
f \zy\z./f (i d
o
0
o
10
©
12 °which is the Frank’s law for resistivity change. The
©
constant in this case is in agreement with observed values.
0
The positive Hall coefficient in case of zinc, beryllium,
etc. is explained by assigning a positive charge to the
©
°vacant states (holes) on the top of an almost filled band.
In such metals the theory considers the hole conduction as 
predominant. With different electron and hole masses and 
relaxation times it becomes possible to account for the
O
existence of the magnetoresistance.
The two band model gives at best a qualitative agree­
ment with experiment. The theory fai£s to explain theo
entire change in resistance, and in the case of metals 
with about equal electron-hold concentration, fair agreement 
is obtained in regions of relatively large fields only.
Still the theory predicts the correct order of magnitude of 
mobilities and carrier concentration "in metals.
In an effort to improve the overlapping band model 
Borovik1'1' suggested two group of electrons and two group 
o of holes each with different concentration, mass and re­
laxation time. He showed that with the aid of the extra 
parameters0so introduced it might be possible to obtain 
good agreement with experiment. The introduction of the 
concept of several carrier groups appears purely arbitrary 
even though close agreement may be obtained in particular 
cases.
©
e
o o o
^C). Quantization <$£ Electron OrbitsO — —— — —  — — —  0
Purely classical considerations given above 
fail to account for the oscillatory galvanomagnetic and
O 0o
thermomagnetic effects. Field oscillations in the HsEll effect
O
have been observed in bismuth^*4", antimony"^, graphite and 
zinc as observed in the present investigation, and of magneto-
o
resistance in bismuth^, zinc‘d, ^.ntimony^, tin"^, and
ISgraphite. The oscillatory behavior appears to have the« 
same characteristics as susceptibility oscillations (de Haas- 
van Alphen effect‘d). The field oscillations in all cases are 
observed to be periodic in the reciprocal of the magnetic 
field.
Classically the eleptronic path in a magnetic field is 
curved with its projection at right angles to the magnetic 
field being a circular motion of arbitrary radius. Quantum 
considerations lead to the quantization of these orbits i.e. 
only certain radii for circular orbits (quadratic dispersion
law) are possible.
5 IQ 20Landau , Peierls , and Blackman developed the theory
for the susceptibility oscillations under a quadratic dis-
persion law. Considering the applied field along the Z-axis,
the Schrodinger equation is developed for the diamagnetism
of a free electron gas. The solution shows that the quasi
continuous energy levels of the electron gas are ^ converted
to two dimensional quantized levels in the0X-Y plane on the
application of the magnetic field. The energy of the
o
o
o
o o
o
O O
O o
o
1 2
o ®
quantized levels is given by: o
O
. 2.
•n \ « 2.wW\ ° (12)o
« ,
where ^  is the double Bohr magneton for electrons and
a a a-
is the momentum along the Z-axis.
The allowed values of the energy and the spacing thus
vary linearly with the magnetic field. For susceptibility
«
calculations the free energy of the system is obtained by 
putting quantized energies into the partition function for 
Fermi-Dirac statistics. ’The final result for \<T <C K ^ ® 
and after proper integration comes out in the
following form: oo
v, vi  / l A E o  _  I L ' }
X  . ■T )  • x  • *  X ,
where E is the Fermi energy and K is the Boltzman constant.0
X o is the steady susceptibility and ^  is the maximum ampli­
tude of the sinusoidal oscillations damped by the factor in 
*
n* n  r~the denominator. The assumption \> E0 is required as a
’ ©
mathematical necessity for replacing summation by integration 
in the evaluation of the partition function and K T  < < ®
insures that the quantized levels are not smeared out into 
bands.
© O
It would be observed that the argument of the sine
« term is periodic in Oscillations in galvanomagnetic
0
effects have this characteristic in common with the sus­
ceptibility oscillations. 0 o
(D). Later Developments
For real metals the theory of the de Haas °
©
van Alphen effect takes the periodic lattice potentials 
into consideration which leads to the introduction of the 
concept of effective masses.
In the theory given in (A) and (B) above one of theft
main assumptions has been that the electrons are not able to 
complete closed trajectories before being scattered. At low
temperatures and high magnetic fields this would no longer
* 21 be possible. Zilberman has sought to remove this re-
#
22
striction and has shown that Justi*s division of metals 
in two categories as regards their galvanomagnetic behavior 
follows from his calculations.assuming equality of holes and 
electrons v/here the Hall effect shows saturation; and unequal
ft
electron-hole concentration where unlimited increase in the *
ft
Hall effect is observed. According to his calculations a
e
field dependent relaxation time of the electrons on the
Fermi surface accounts for the oscillatory field dependence
23of the galvanomagnetic effects. Lifshitz et. al. have a 
developed a theory of galvanomagnetic effects for large 
fields without the restrictive assumptions of dispersion 
law of electrons and have shown that the magnetoresistance 
of metals such as beryllium, cadmium, etc. follows from the 
mdst general consideration of the theory of metals. Argyres2^
c;
€>
o 14
o
has calculated the current density tensor using the quantum
mechanical density operator. He derives a generalized
Boltzman eqimtion and shows that under certain conditions
the Hall coefficient and resistivity exhibit oscillatory
0
field dependence. 0
o
Q ©
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CHAPTER IIIO
GROWTH OF SINGLE CRYSTALS
The crystal was grown From Zinc rods supplied by
Messrs. Johnson, Mathey and Company (London). The content
of impurities (reported) as determined by speetrographic 
investigation showed presence of iron less than 0.001%, 
copper less than 0 .0 0 0 5$ and sodium, calcium, magnesium, 
silicon and cadmium less than 0.0001$.
The crystal was grown by the travelling furnace 
method. The furance was coupled to a synchronous motor 
and travelled at the rate of about 5 cm. per hour. Graphite 
molds were used for growing the crystals. A section of the 
mold is shown in Fig. 1 (b).
An estimate was made of zinc required to fill the mold
and this amount was cut off the rods. To remove surface 
impurities the pieces were first etched lightly in dilute 
nitric acid and then washed in distilled water. The pieces 
were put into bucket C Fig. 1 (a) which was clamped to the
ft
main tube carrying the molds with the aid of two springs.
The assembly was then enclosed in a pyrex glass jacket 
which was placed in the opening in the furnace F. A fore 
vacuum pump was connected to P and the furnace was turned 
on. o
0 15
©
© © © 
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The center of the furnace was maintained at about 0
o ® o
if.60QC which was about 4 0oC above®the melting po£nt of zinc.
An iron-constantan thermocouple was used to measure the 
temperatures* Molten zinc was then forced through the
Q
capillary in the main tube to the graphite mold M under
helium "pressure. The motor was then turned on and the
0
furnace allowed to travel down clear of the jacket. About
0
6 hours were required for the furnace to drop completely 
down. The part of the tube containing the mold was then 
cut off. The glass case was carefully broken and the 
» crystal was removed from the mold.
The nature of a crystal may be determined by the etch 
pattern on the surface. A polycrystal has its surface 
divided into a number of irregularly shaped areas; each of
e
which reflects the maximum light at different angles. As 
o a result the different areas lire easily observed. In the 
case of single drystal maximum reflection takes place only 
at one particular angle*
For most purposes a specimen may be considered useable 
if it consists of a large crystallite or, if several crystal­
lites formed, there is one large enough to be cut to a con­
venient size. The specimen used in this investigation was a
pure single crystal (Zn-5). It was cut to a convenient
©
length by a glass cutting wheel mounted on a jeweler*s 
lathe. Great care had to be taken during the operation to 
avoid straining or fraying of the edg^ of the crystal. The
©
©
©
©
IS
resulting specimen was in the form of a thin rectangular©©
slab 2.65 x 1.10 x 0 .0324. cm. in dimensions. Orientation of
© 0 o
the main axis was determined by X-ray studies and was found
O
to have its hexagonal axis inclined at an angle of ifl+.O0 
from the normal to its plane. The following sketch shows 
the orientation of the axis. A more accurate x-ray s*tudy, 
has shown that the hexagonal axis was 2.0° above the 
horizontaly- 1* plane.
, CHAPTER IV
• MEASURING EQUIPMENT
Two of the more important requirements of these ex­
periments were high sensitivity voltage detection and a 
steady and uniform magnetic field. Th^ e order of voltages 
involved being so small, the accuracy and reproducibility 
of results depends on these two facts in no small measure. 
Consequent to sensitive voltage detection extraneous noises 
begin to become important and efforts have to be made to 
keep them to the barest minimum. Great care has therefore 
to be given to the designing, assemblage and fixing of the 
crystal leads to avoid thermal and induced E. M. Fs,
Some of the salient features of the equipment,
circuitry and assembly are given below. q
&
Crystal Holder
The crystal holder was required to keep the crystal in
a predetermined orientation with respect to the iTiagnetic
field. At the same time it was necessary to allow for the
thermal expansion and contraction of the crystal. Fig. 2
shows the crystal holder used in this study. It was 1.5
©
inch long and v/as machined from lucite* The probes Fig. 2 
(b) were of phosphor bronze and fitted the brass washers W 
embedded in the cover plate of the holder and secured by
o°
°20 °
il
r\UUVY V\ CT
@ o
phosphor bronze springs S. The four probes C and D Fi^. 2o
(a) were used as gurr^nt leads and E and F gave the Hall
potential. For magnetoresistance measurements two other 
0 ®
leads shown in Fig. 2 (a) were used. The holder was sus­
pended from the flask cap by a lucite rod over wliich the 
leads were twisted and wound. The leads emerged out of 
brass Dewar flask cap through Kovar glass seals {Stupakoff 
Division of the Carborundum Co. Latrobe). The upper end 
of the stem was secured with a 3crew to a*small brass tube 
in the cap to avoid any possibility of turning of the holder 
assembly. The cap was secured by a threaded brass ring to 
cover the Dewar*. Two openings were provided at the cap.
One was connected through a rubber hose to the vacuum 
pump. The hose was placed between the jaws of a hand vice 
to adjust the rate of evaporation of helium for investi­
gations below 4«2°K. The other opening was connected to 
the oil and mercury manometers. The manometer readings 
were converted to corresponding temperatures from Mond 
tables for temperatures below 4«2°K.
Crystal Circuit
Fig. 3 shows the current circuit of the crystal. The 
current leads C and D were connected through a reversing 
key to a battery. The adjustable resistances shown in the 
four arms were used to obtain uniform current flow through 
the crystal. It was usually tested by finding out the ° 
potential difference across the leads E and F» In case of
22
o
o
rO
C 9
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o
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©
uniform current flow the two were found to have the same
potential. The value o& the current passing through the 
& &
crystal was found from the voltage reading across the °
standard resistance SR shown in Fig. 3* These currents
©
were usually about one ampere. ®
• *
Magnet
The electromagnet employed was the one built by T. E. 
L i e n h a r d t „ magnet had a set of eight coils and six
cooling plates. The coils were lathewound with 1 x 0.015
inch copper strip, each turn being insulated from other by
0.005 inch * Peerless* fish paper. The coils had total
0
resistance of 1.1 ohm at 25 C and were powered by a 125
volt, 15 kilowatt direct current generator.
The magnet was recalibrated before the commencement 
of this series of experiments. It was found to deliver 
11*9 K.G. at. 7*2 K.W. with a pole separation of 1 5/16 
inches. As an improvement it was mounted on a rotating 
stand. On the mounting it could be easily turned through 
the full 3 6 0 degrees. (See also appendix for later calli- 
bration of the magnetic field.)
Magnet Control Circuit
o
A magnet control circuit devised by R. Beringer of 
Yale University was used to stabilize the field. Fig. 4 
shows the circuit diagram of this equipment. It was ob­
served that in low field regions* complete stabilization was
Appendix E.
©
©
© ©
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©
obtained but in higher fields (5 bo n >  the field varied 
from 3 to 4$. In the original arrangement the helipot was 
turned by hand involving considerable loss of time. For 
observations below 4»2°K when the quantity of helium was 
limited it was difficult even to obtain one complete sweep 
of the field at any given orientation. To remove this 
difficulty the helipot was coupled to a synchronous motor 
with different speed gears. By this arrangement it was 
possible to turn the helipot at any suitable speed. This 
provided a continuous, smooth sweep of the field and saved 
a great deal of time.
It was necessary to know the magnetic field correspond­
ing to any point on the experimental curve of the recorder. 
The magnet current was determined by voltage measurements 
across a standard resistance of 0.01 ohms. The voltage 
measuring device was a Rhodes potentiometer voltmeter 
(Sensitive Research Instrument Corporation, New York). At 
each one ampere change in current a small voltage pulse was 
sent to the recorder which superimposed it on the experi­
mental curve.
Recording Instruments and Circuit
The potential leads were connected to a Rubicon 
Potentiometer (Rubicon Company, Electrical Instrument Makers, 
Philadelphia). The smallest scale division was 0.005 micro­
volt and direct interpolation was possible to 0.001 microvolt. 
The potentiometer had a set of two E. M. F. binding posts
labeled EMF 1 and EMF 2. The measuring circuit leads were 
© © 
connected to EMF 1 and EMF 2 was shorted across by a copper
lead. The EMF 2, the dummy circuit, free from extraneous
E. M. Fs. provided a convenient means to check the working
order of the circuit and the instruments.
O
The off balance of the Rubicon potentiometer was fed 
through a shielded cable to the input jack of a Liston 0
o
Becker D. C. breaker amplifier (Liston Becker Instrument 
Co., Inc., Stamford). The D. C. input to the amplifier was 
chopped by an 8 cycle breaker and then amplified. The 
amplified signal was reassembled at the output by a second 
breaker which was synchronized with the first. Both the 
breakers were driven by cams on the same motor shaft to 
obtain perfect synchronization. The amplifier gain was 
rated as 1 0 and with the aid of 'coarse* and *fineT gain 
controls provided on the cabinet any desired gain in ampli­
fication below the maximum rating could be achieved.
The general scheme of connections is shown in Fig. 5«
As described before the potential leads were connected to a 
Rubicon micro-volt potentiometer and the off balance was 
fed into the Liston Becker amplifier. The output of the 
amplifier was spread over a voltage divider and then was 
connected to a Brown Recorder (Minneapolis Honeywell Company 
Philadelphia)« The adjustable voltages and the gain in the 
amplifier was adjusted to obtain optimum sensitivity.0 With 
suitable adjustment it was easily possible to detect on the
o©
© ©
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recorder voltages of* the order of a few milli-micro-volts. 
With the sensitive voltage detection spurious noises were 
also magnified. It was observed that they rose mostly from 
bad grounding or from absence of proper compensation of 
Inductive loops. As a precaution against the first all 
leads coming out of the cryostat were taken through spagetti 
and were shielded. A shielded cable was used to connect 
the potentiometer to the amplifier. One side of the input, 
the shields and the chassis of the amplifier and potentio­
meter were put to a good ground connection. Thus the shields, 
amplifier chassis and the potentiometer chassis were all at 
the same ground potential. As a further safeguard against 
stray E. M. Fs., soldering in the circuit was reduced to a 
minimum. The leads were connected to the probes with 
thermal free solder and good electrical contact with the 
crystal was obtained through the phosphor bronze springs.
Formation of inductive loops was unavoidable. They had 
to be compensated by Introducing an arbitrary loop made from 
the leads themselves near the crystal holder. By suitable 
adjustment of the area and orientation of the arbitrary loop 
reasonably good compensation was achieved.
In the case of magnetoresistance measurements where the 
resistance increased almost linearly with the field, with 
small amplitude oscillations superposed on it, it was found 
possible (Fig. 6 ) to compensate this linear growth. It was 
then easy to detect the oscillatory part of magnetoresistance
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without the monotonic growth. This could be done only for
C
the linear part of tshe growth of resistance and for the other 
parts of the field ranges, variation of magnetoresistance
°  O o
was observed without this arbitrary compensation.
©
CHAPTER V 
PROCEDURE
Crystal Orientation in the Field
One of the most important features of the expert- 
mental procedure was to put the cryostat in the brass 
socket between the pole pieces of the electromagnet to yield 
a known orientation, of the crystal with the magnetic field.
In preparing the dewar assembly care was taken to know how 
the crystal faces were placed. The dewar was put in the 
socket in such a way that the magnetic field would be 
parallel to the main crystal plane. It was observed that 
with the hexagonal axis parallel to the magnetic lines of 
force both the magnet ore si stance and the Hall voltage had a 
relative minima for any given value of the field. In general 
therefore an approximate orientation of the crystal was 
determined by visual observations alone and any refinement 
that might be needed was made through check of the Hall 
voltage or the magnetoresistance as the case might be. Once 
the exact position was located the rest of the experiments 
could proceed for as long as the cryostat was not removed 
again. Also once the position of the hexagonal axis was 
located in terms of the calibration on the base of the
 .  .
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magnet it was easy to turn the magnet to obtain any desired 
orientation of the crystal axis with respect to the mag- 0 
netic field. O ©
Circuit and Equipment Tests
Preliminary tests were mainly directed towards obtain-
«
ing continued good electrical contacts with the crystal.
In an experiment, even with adequate precooling, the 
electrical circuit in the cryostat was still subject to 
fairly large thermal changes. The fact that the leads and 
probes continued to maintain good electrical contact with 
the crystal had to be ascertained every time large tempera­
ture changes were involved. The probes on the crystal were 
well secured and they were designed to guard against any 
break in circuit in the normal procedure. Still with the 
scheme of connections it was rather simple to check for 
this. At any given value of the adjustable resistances in 
the various arms Fig. 6 , in general there existed a certain 
potential drop across the Hall leads. Now if all contacts 
were good, change of any of the adjustable resistances 
would introduce a change in the potential across the Hall 
leads that could be read on the galvanometer. A resetting 
of the corresponding probe had to be done in case variation 
of resistance in its arm failed to show up. Similar tests 
could be made for detecting continuity of the Hall leads.
The Hall probes were aligned geometrically as well as 
possible and with uniform current flow it was possible to
have zero potential across the Hall leads* In practice at
e
liquid helium temperatures the adjustments became too diffi­
cult and in general equalization of all resistances in the 
various arms was adopted.
Helium Runs
Standard techniques were used for precooling the cryo­
stat before helium transfer was made. In general thorough 
flushing with helium gas preceded the cooling of the cryo­
stat. In most of the experiments the cryostat was allowed 
to precool in liquid nitrogen for four hours. The dummy 
leads in the potentiometer were kept-in circuit with the 
detecting instruments during transfer of liquid helium.
This was to save the detecting apparatus from any damage 
that might be caused by large E. M. Fs. consequent to the 
development of large temperature gradients.
One of the recurrent troubles in every run was the con­
densation of water vapour on the Kovar seals during the 
liquid helium transfer. This raised the noise level. To 
overcome this an ordinary hair-dryer was used to blow hot air 
on the seals. The experiment was started only after all the 
condensed vapour had evaporated. The dryer was still used 
on fcold* throughout the experiment.
The working current through the crystal was mostly 
0.9&5 to ampere. Its exact value was determined by a
calibrated voltmeter which was placed across a standard
e  o
resistance. During the run the current was monitored con-
©
tinuously and its value recorded from time to time.
After the transfer of helium the magnet was turned to
any desired orientation with respect to the crystal axis.
©
The usual continuity checks were made and the field was 
turned on at its lowest value. The magnetic field was 
calibrated against current, which was obtained by the 
voltage reading of a calibrated Rhode*s potentiometer 
placed across a standard resistance. With the synchronous 
motor turning the helipot at a desired speed, the variation 
of the current through the magnet was automatic and as the 
current rose, its magnitude in steps of 1 ampere was signaled 
to the recorder where it was recorded on the voltage curve.
Except for changing the probes similar procedure was 
adopted for magnetoresistance investigations.
o o
CHAPTER VI 
OBSERVATIONS AND RESULTS
ObservatIons
The chart on the recorder gave a continuous record of 
the field variation of the Hall voltage. The value of the 
magnetic field as described earlier, was determined from the 
magnet current signals that were marked across the voltage 
curve on the recorder. In general each space between two 
consequifcive signals (1 ampere difference) was divided into 
ten equal divisions each corresponding to a magnet; current 
change of 0,1 ampere. Curves of Hall voltage vs. reciprocal 
magnetic field were plotted but it was found more convenient ■ 
to plot them against the magnetic field directly thus allow­
ing easy comparison with the recording on the chart. All 
data are given for constant current through the crystal.
This current varied slightly from experiment to experiment, 
ranging from 1 ampere to 0 «9 d5 ampere.
Table 1 (Appendix) gives the raw data observed for A-2 K 
and 1.B° K when the crystal axis was coincident^ with the
Appendix F.
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direction of the magnetic field. The Hall voltages are in
o
arbitrary units I3 . 2 divisions corresponding to 50 milli-micro 
volts. Denoting by *w* the distance between the Hall probes 
the effective distance between them was equal to w cos I4.4 .O0. 
This is due to the fact that the hexagonal axis of the crystal 
was not perpendicular to the plane of the crystal. The 
average current density was 27 ampere per square centimeter.
Figure 7 shows the Hall voltage curves plotted against 
the magnetic field *Ii* for the two temperatures. The upper 
curve was measured at the average temperature of 1 .6°K 
obtained by pumping on liquid helium. The average temperature 
is calculated from the mean of oil manometer readings taken 
during the run.
Table 2 (Appendix) gives the specimen difference readings 
used to obtain the Hall voltage readings. The difference is 
taken to cancel the *1R* drop which is introduced on account 
of the misalignment of the probes and the voltage developed 
on account of the hexagonal axis of the crystal not being at 
right angles to the plane of the crystal. This latter 
potential difference could be neglected only if the hexagonal 
axis was at right angles to the plane of the crystal. In 
this study the main axis was inclined at an angle of 
(1 . - 6 } «fc.O to the plane of the crystal. Thus in 
general the potential difference measured across the Hall
O
probes was the sum of three separate potentials as shown in 
ethe following equation:
oo oO o
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where E the longitudinal Hall field is proportional to
the angle between the field and the hexagonal axis. Thus 
in the above equation the second factor is due to the mis­
alignment of the hexagonal axis with the field and the third 
due to the misalignment of the probes. To remove the ex­
traneous voltage contributions the orientation of the crystal 
with respect to the magnetic field, the magnetic field is 
changed by 180 degrees and the field variation of the 
potential across the Hall leads examined again. For this 
orientation we get:
V  ( -  K  3  -  -  £ ^  e -*T 3  0  -v- H  Q  +  \  f i
N S y  £
and the difference is given by
The difference curves thus obtained are shown in figure 8 
for the two temperatures. The amplitude was found 
sensitive to the crystal orientation in the magnetic field.
yf- s. O • The period decreased slightly as the angle was 
increased.
Magnetoresistance
The Hall probes were replaced by the other two probes 
provided on the crystal holder for investigation of the
a SL EVC-as e 
V
p
For Y* — ^0 it decreased to aboxxt 1/4 of its value for
o o
o o
o
magnetoresistance. The potential difference across tjie 
leads6was recorded and with the aid of the known current
o
the magnetoresistance calculated.
The inductive loop formed by the leads and the probes 
in the Hall measurements had a small effective area in the 
field and hence the inductive effects even without correc­
tion were small. This was not true in the case of magneto­
resistance. The loop formed here was so large that the 
induced E. M. Fs. almost completely concealed the effect.
To avoid this an arbitrary loop of the leads was formed near 
the crystal holder and its orientation and area were care­
fully adjusted so as to cancel most of the inductive effects 
of the loop formed by the crystal .and the potential leads.
The orientation and sometime the area of the arbitrary loop 
had to be changed as the crystal orientation was changed 
with respect to the magnetic field.
Figure 9 shows the field variation of the magneto­
resistance when the hexagonal axis of the crystal is along 
the direction of the field. The dotted portion on the 
curve is the region where the values had to be extrapolated 
from other corresponding curves. This portion was missed 
on the recording when the recorders range was being adjusted.
The normal procedure in the study of the field variation 
of the magnetoresistance is to draw a smooth curve enveloping
sbT*
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the experimental curve and then to calculate the vertical
o
displacements with the®field between the two curves. In
this case a straight line (Y =» KH) was drawn and the
distance of various points on the experimental curve
corresponding to different current values was noted. The
resulting differences - \< V\ for different field
R
values are plotted in figure 10. The differences in - w u
1*.
are taken to maintain the maxima corresponding to resistance 
maxima.
Mention has already been made of arbitrary compensation 
figure 6 of the monotomic growth of the resistance with the 
rise of the field. In the low field regions up to about 16 
amperes the magnetic field increased linearly with the field 
current. In this region the potential across the magnet was 
connected to a voltage divider and was then fed to the 
recorder in the opposite sense to the one supplied by the 
amplifier. The value of the voltage divider was so adjusted 
as to almost completely cancel the gross increases in the 
magnetoresistance leaving the oscillatory part unaffected.
The resulting curve on the recorder was found to compare 
very well with the curve figure 1 0 which was obtained by 
computing the differences from the straight line Y = KH. 
Angular dependence
The Hall effect and resistance anisotropy measurements 
were made at 4*2°K and 1.8°K. The angular dependence of the
O o
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Hall effect is shown in figure 11 with the corresponding 
variation of for 4*S°K. A polar diagram showing the
magnetoresistance anisotropy is given in figure 12. A
9
similar curve was obtained for 1. 6 K and the increase of 
the magnetic field to a higher fixed value,, increased the 
area enclosed within the curve, with the curve still re­
taining its shape.
Results
Figures 7 and 6 show clearly that the field variation 
of the Hall voltage is of oscillatory character. Over the 
main oscillation a second peak system is found to be super- 
p osed. The location of the main peaks with respect to the 
magnetic field is given in tables 1 and 2. The peaks 
occurring at 8 .38 KG and 8.14 KG at 4.2°K and 1.6°IC are 
numbered as the third peaks following Alers. Owing to the 
superposition of the second peak system the true location 
of the peaks is difficult to find and the tables 1 and 2 
referred to in the above describe the location of the 
apparent peaks. A fuller explanation of this is given in 
the Appendix, section A.
It will be observed that on lowering the temperature
the main peaks are shifted towards the low field values.
(Appendix, section B) The shift increases progressively
©
with the field (tables 1 and 2). There appears a certain 
disparity in the peaks numbered 15 and 17. An explanation 
of this disparity Is given in Appendix, section C. (Seg
9o*
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.TABLE 1
Temperature 4*2 K
n
Reciprocal
Magnetic field field , Difference
in kilo-gauss l/H x 1 0”^ 1/h x IQ"2'
3 e.3® 1.193
5 5.53 1.818
7 4-07 2.457
9 3*22 3*105
11 2 . 6 6 3-759
13 2.27 4.405
15 1.95 5.128
17 1.69 5.917
.625
.639
.648
.654
a 6 4 6
.723
.789
o
©
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TABLE 2
Temperature 1.6 K 
Reciprocal.
n Magnetic field field Difference
in kilo-gauss 1/H x 10"^ ]yH x io~^
3 6.14 1.126
5 5-36 I .656
7 4-00 2.500
9 3.16 3.164
11 2.62 3.616
13 2.25 4.444
15 1.97 5.076
17 1.74 5*747
.633 
.642 
. 664
.652
.626
.632
.671
O
0
©
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Figure 1.3 gives the plot of peaks vs. reciprocal of 
magnetic field. The two lines are for the two temperatures.
observed that a change in temperature does not effect the
The decrea.se in temperature also effects the amplitude 
as will be evident from figures 7 and 8. The over-all 
amplitude of these oscillations decreases as the temperature 
is lowered.
The second peak system starts showing up from about
2*3 KG and becomes progressively more pronounced as the field
is increased. The decrease in temperature appears to act
on this system (second peak) in the same way as the increase
in the magnetic field. As in the case of increasing magnetic
field, the peaks get more prominent also when the temperature
is decreased. In general the Hall voltage increases with
the magnetic field initially, decreases to smaller positive
values as the field is further increased, and finally changes
sign at about A.2 KG and decreases continuously.
Magnetoresistance
The oscillatory variation of the electrical magneto-
resistance is brought out clearly in figure 10. As in the
0
“Hall effect here also a second peak system is apparent. The
The slope in each case is 6 3 . 6 x 10“° Gauss It is
slope but introduces a phase difference. The difference 
is about 0. 6 x 10 ^ Gauss which corresponds to a phase
O
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TABLE 3
Temperature 1,7° K
Reciprocal .
Magnetic field field Difference
in kilo-ganss l/H x 10 G"'^  l/H x 1Q“^ g-1
3 6*25 1.212
5 5 *50 1.818
7 if. 10 2-439
9 3*25 3-076
11 2 - 7 04 3. 7 0 3
G. 606 
0.621 
0.637 
0.627
o
location of the difference maxima are given in table 3 - 
(See Appendix, section B) and the®straight line plot of -y^ vs
o
is given in figure 14. The.oscillations are periodic in the 
reciprocal of the magnetic field. The slope of the straight 
line is 64*6 x 1 0~ Gauss" .
The oscillatory part of the magnetoresistance follows 
essentially the same features as observed in the oscillatory 
Hall voltage variation with the magnetic field. The second 
peak system is observed present, with the identical effects 
of temperature and magnetic field changes.
It will be observed from figure 10 that the envelope 
round the oscillatory variation of resistance changes slope, 
from a positive quadratic factor at low fields to a nega­
tive quadratic factor at higher fields. The point of In- 
flexion lies at about 4*2 KG approximately.
At fields of about 9 to 11 KG there appeared indica­
tions of two low amplitude close periods 0.024 x 10“^ Gauss'”^" 
-5 -1and 0.021 x 10 Gauss . The beats produced on account of 
these were visible above the noise level. As pointed out 
earlier the stability of the field decreased greatly in the 
higher field regions and it was not possible to observe 
them more clearly.
*
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As in the case of the Hall effect no prominent ascii-
e
lations were detected in the magnetoresistance at crystal
orientations other than with the hexagonal axis being in
line with the direction of the magnetic field. Nevertheless
at 9 0° off the hexagonal axis a short period 0.23 x 1 0 ~^
Gauss oscillation was detected.
Angular Pependence
Both the Hall voltage and the resistance show a rela- 
, 0 t
tive minima for y/~0 v figure 11 and 12. The absolute 
minima of the magnetoresistance occurs when the main axis 
of the crystal is inclined at an angle of 90 degrees with 
the field. (figure 1 2 ).
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GCHAPTER VII 
DISCUSSION AND ANALYSIS
It has already been suggested that the quantum effects 
are responsible for oscillations in the magnetic suscepti­
bility and the galvanomagnetic properties. The main peaks 
in this investigation are found to be periodic in the 
reciprocal of the magnetic field, a characteristic of the 
de Haas van Alphen effect. The period of the oscillations 
in the Hall effect and magnetoresistance as obtained in 
this investigation is compared below with the results ob­
tained from the de Haas van Alphen effect.
Property period
x 10 5 Gauss’"^
1. Susceptibility 6.0
2. Hall effect 6.4
3 . Magnetoresistance 6.3
'n .
4 . Thermal magnetoresistance 6.0
5. Electrical magnetoresistance 5.6
The last two results marked with asterisks are the results
obtained from study of thermal and electrical magnetoresis-
9
tance measurements by Alers. Numbers 2 and 3 are the
*
results obtained in this study* k and 5 appear to be a little
55
©
0
o
on the lower side. The small discrepancy may perhaps be 
explained with reference to the method employed in locating 
»the position of the peaks. The oscillatory part of the 
field variation of the magnetoresistance was obtained in this 
study by taking the differences from a straight line whereas 
for k and 5 differences were calculated from a smooth curve. 
Besides with the two peaks that appear to have been observed 
leading to the calculations for If and 5 > it may not have been 
possible to obtain a well averaged out value of this 
parameter.
The period of the oscillations is found to be indepen­
dent of temperatures as shown by the parallel straight lines
25in figure 11. Berlincourt and Steele found that as the 
temperature was decreased from 8 0 °K, the period of magnetic 
susceptibility oscillations in zinc decreased and acquired 
a constant value at liquid helium temperatures. The constant 
slope of the two lines in figure 1 1 confirms that the period 
of oscillation in the galvanomagnetic effects also has the 
same characteristic temperature dependence as the magnetic 
susceptibility at helium temperatures. The decrease in the 
over-all amplitude at lower temperatures is not similar to 
the Hall effect observations in bismuth^" and magnetic 
susceptibility oscillations in zinc^ and other metals. The
<k
theory developed by Blackman and Landau gives a decrease in 
amplitude with the increase of temperature.
o©
^ *
O ^The superposition of the second peak system appears 
to be a new feature of this investigation. The doublt peak 
system is found both in the magnetoresistance and the Hall 
effect and at all temperatures between 4»2°K and 1.8°K.
There is no evidence of their existence in the studies of
pci
Berlincourt and Steele on field variation of susceptibility,
2
and Alers on the thermal and electrical magnetoresistance 
in zinc*
The second peak system becomes more pronounced as 
the temperature is lowered or when the magnetic field is 
increased. It appears therefore that at a certain temperature 
greater than 4*2° K the oscillations may be free from this 
component. It should be remakred here that osciallations in 
the magnetic susceptibility of zinc have been observed at 
temperatures as high as 80°K. In no other metal is the 
magnetic susceptibility observed to have oscillatory field 
dependence at such high temperatures.
Having regard to the field and temperature dependence 
of the second peak system and the increase in over all ampli­
tude from 1.8° K to 4*2° K, it is likely that the temperature 
corresponding to maximum amplitude and simple oscillatory 
behavior may be above 4*2° K. At this temperature it is 
anticipated that the second peak system may almost completely 
disappear leaving simple sinusoidal variation of the Hall 
effect°with the field.
©
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The oscillatory field dependence of the Hall and mag-© O
O ,
netoresistance effects is most marked for the orientation*
{ f' ^ 0 ) when the hexagonal axis is along the direction of 
the magnetic field* As the angle is varied the peaks
o
begin to disappear and become almost indistinct for ^ > 1® 
There seems to be variance between Hall effect and dimag- 
netic susceptibility observations of Verkin and Dmitrenko.^
They observed simply oscillatory behavior for 19 different
. o a
orientations of the crystal from y* » 0 to s %o degrees.
They obtained large amplitude oscillations at Ji’slo and it 
was expected that oscillations in the magnetoresistance
and the Hall effect would show up at this orientation. How­
ever, no oscillatory field dependence was observed in this 
study in either effect for
The two close periods at higher fields 9 to 11 KG,
0 .021*. x 10-5 Gauss'^ and .021 x 10“5 Gauss"**' and the other
0.23 x 10""5 Gauss ■*" at ^  s (fp observed in magnetoresistance 
appear to correspond with periods observed by Verkin et 
al10 in his investigation of the de Haas van Alphen effect 
in zinc for these orientations.
The following table shows the location of maxima in the 
Hall and magnetoresistance oscillations observed at 1.6° K.
0
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n Magnetbresistance Hall Effect Difference
O
l/H x 10“7 l/H x 10“7 O
3 1176 1212 36
5 1316 1856 k0
° 7 2k39
3 0 7 6
2500 61
9 316^ 66
Both the osciallatory Hall effect and magnetoresistance 
effects have been observed to have periods which are only 
slightly difference from one another, but as shown in the 
table there appears to exist no simple phase relationship 
between the two. However, the differences in terms of the 
field decrease from l/li =* 66 x .10“7 Gauss’’"1' for n = 9 to 
l/H « 3 6 x 10 7 Gauss"-*-. The peaks in magnetoresistance occur 
at higher magnetic fields than the corresponding peaks in 
the Hall effect. With the range of the magnetic field being 
limited it is difficult to derive any general conclusion in
this regard. See Appendix D.
The absolute minima of the magnetoresistance occurs 
when the main .axis of the crystal is inclined at an angle
of 90 degrees with the field. There exists a relative
U-
minima when the magnetic field is along the hexagonal axis.^
Both these facts are in agreement with the observations of
11 2 Borovik ” and Alers.
Appendix F.
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The value of ^ 3  obtained by Alers from the electrical
V^
o
magnetoresistance observations comes out equal to about six
for magnetic fields in the vicinity of 10 KG. In this study
the value of is found twice as large for the same
^ 11magnetic field. Borovik gets the same order of magnitude 
of this fraction in agreement with the value obtained in this 
study. It is known that impurities or structural defects give 
cause to higher effective temperatures leading to smaller 
resistance changes with the decrease in temperature. This 
may perhaps account for the small resistance change 
observed.^"
The Hall effect changes sign at about 3+.2 KG , same
at which the envelope round the oscillatory magnetoresistance
changes slope from a positive to a negative quadratic factor.
26
According to Kaptisa’s studies, the magnetoresistance rises
quadratically at small fields. This is followed by a linear
rise which changes to quadratic rise again at higher fields.
However the second negative quadratic factor suggested here
may form the transition between quadratic behavior at low
fields and a linear field dependence at higher fields as
21
pointed out by Zilberman . For equal electron-hole con­
centration as assumed in case of zinc, the magnetoresistance
should have unlimited growth with the field as shown by 
11Borovik. With the limited magnetic field available in
Appendix E
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this case it has not been possible to test this but it may
be pointed out that at fields of 11 &G th& magnetoresistance
was still rising with the field.
It is difficult to account for the second peak system.
Wherever oscillatory field dependence has been detected in
galvanomagnetic effects or susceptibility, the oscillations
21have been simple sinusoidal in nature. However, Zilberman 
derives, the expression for the Hall and magnetoresistance 
effects of the following type
?„* c h I v t .) __
and
e * eC’,>C-5:^
where
T  « < [  < 1 . 6 ,  ^  J
and t is obtained by replacing m, by mu and E bv >*• j. d o
A -■ E o o
In his theory the oscillations are claimed to be due 
to field dependent quantities f^ and f^. For zinc n^ is 
generally taken equal to n^ and if this derivation were 
correct we should have the Hall effect to be zero. This is 
not found to be the case. Presumably n-, is not equal to n0
JL. 1# o
O
c62
in which case we will have noiivanishing Hall effect for any
27field. Grimsal and Levinger suggest carrier concentrations 
to be oscillatory with the field. If together with field 
dependent relaxation time we assume field dependent carrier 
concentrations, we may well be able to account for the 
appearance of the second peak system observed in the Hall and 
magnetoresistance field variation. It should be pointed out 
that the superposition of two pure sinusoidal oscillations 
of same period but of different phase will still give a 
resultant sinusoidal oscillation. The distinction between 
the two peak systems comes from the fact that each separate 
oscillation contains harmonics. At room temperature the Hall 
effect has a positive value and it is likely that at these 
temperatures only the holes may be responsible for the 
electrical properties but at low temperatures both the 
electrons and the holes take part and their concentration 
may be subject to oscillations in the field.
From this study the following general conclusions may 
be drawn:
1. The period obtained from study of galvanomagnetic studies 
is in agreement with the period of de Haa,s van-Alphen oscil­
lations.
2 . Superposed on the main oscillations, a system of second 
peaks, is found in the field oscillations of the Hall effect 
as well as in the magnetoresistance.
0
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3* No simple phase relationship appears to exist between 
the Hall and magnetoresistance oscillations. ®
4* The inflexion point of the slope of the monotomic terms 
in magnetoresistance lies at the field which corresponds to 
the Hall inversion.
5* Amplitudes of oscillations in the Hall and magnetoresis­
tance effects are very sensitive to the orientation of the 
main axis with respect to the field.
6. The temperature dependence is shown by the following 
facts:
a) The overall amplitude of the oscillations decreases with 
the decrease of temperature below 4*2° K.
b) The location of the second peak system remains unaffected 
by the temperature change. The decrease in temperature from 
4*2° K to 1.6°K causes the second peak system to become more 
distinct.
c) The main peaks shift to higher fields as the temperature 
is increased from 1.6° K to 4*2° K.
O
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A. Owing to the superposition of the second peak system
® o
it is difficult to locate correctly the positions of theO <?
maxima and minima. The second peak system seems to effect 
the location of the minima more than the position of the 
maxima. The scatter of the points from the n vs. l/H is 
thus observed to be more pronounced where the location of 
the minima is concerned. It will therefore be understood 
that the tables giving location of peaks gives only the lo­
cations of apparent maxima. See also section D.
B. The shift of the peaks towards lower fields as the
temperature was lowered appeared to suggest that the effect 
might be due to the hysteresis of the magnetic field. To 
check against this possibility the experiment for h.2° K and 
1.6° K v/ere repeated in different order several times. It 
was found that the location of the peaks, with the corre­
sponding shift at lower temperatures, remained the same 
throughout. It may therefore be safely assumed that the 
hysteresis of the magnetic field is not responsible for the 
shift observed consequent on temperature changes.
C. The peaks numbered 13, 15 and 1? are the ones that
are found to occur at comparatively low magnetic fields.
In this region the variation of the magnetic field was found
erratic with the magnetic current. No reliance can there­
fore be placed for these peaks though qualitatively t°hey 
c appear to fit the pattern of the other peaks.
0
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D. It may be remarked that the differences in the 
location of maxima in the Hall and magnetoresistance effects 
(Chapter VIII) are deduced from the locations of the apparent 
main maxima. As pointed out in Appendix, section A, the 
superposition of the second peak system affects the-locations 
of the peaks. If both the oscillations are considered to be
independent of temperature and the magnetic field, the lo­
cation of maxima will be a function of the respective ampli­
tudes. There are three cases of interest. The two oscilla­
tions separately may be
(a) a function of temperature only
(b) a function of field only
(c) a function of both the temperature and the field.
(a) would involve a phase change, (b) a change in period and
in the case of (c) there would occur a change in phase as
well as change in period. (a) appears to apply qualitative­
ly to the case of Hall effect figure 11 and (b) to the 
magnetoresistance figure 12.
E. The magnetic field was originally calibrated against 
current by the Standard mutual inductance method. It was 
again calibrated against current by the Numar Model M-2 
Precision Gauss meter (Nuclear Magnetics Corporation,
Boston, 16, Massachusetts) based on the proton reaonance 
method. It was observed that in the regions below 3.0 KG, 
the magnetic field varied by as much 0,02 KG (accounting
o o
o
for the discrepancies In the location of peaks in this regio 
0
Appendix C ).
Figure 1.5 shows the corrections ( H ) to the values 
of the magnetic field determined originally® The different 
sets of points represent three sets of observations with the 
Gaussmeter. The values of H given in the foregoing experi­
ment 'should be corrected by adding the corresponding 
correction.
F. Preliminary x-ray study showed that the hexagonal
axis was inclined at an angle of 4-1 • 5° with the normal to
the plane of the crystal, and was in the y- % plane (Chapter
III). Nevertheless, the position for which relative minima
in the magnetoresistance and Hall effect was observed showed
to correspond to an angle of 44•0°- This orientation would
correspond to the hexagonal axis orientation. In view of
the poor precision of the earlier x-ray study, 44*0° was
considered as the correct one (verified later by the precise
x-ray measurements).
The experiments described in the foregoing were thus
performed with |4 in the Y" ^ plane at 44°®0 from the
£ _
normal corresponding to ^  ^ 0 and © » 2.0°.
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Table 1 «
Current in Magnetic field Arbitrary
Deres in kilo-gaus Hall Voltage
(H) 4.2 K 1.6 K
5-0 1.57 34.8 33*4
5.1 1.60 34.8 33.5
5.2 1.63 35.0 33.9
5-3 1.67 35.3 34.1
5-4 1.69 35.5 34.2
5.5 1.73 35*3 34.3
5.6 1.76 35.0 34.2
5.7 1.79 35.0 34.0
5.6 1.82 35.0 34.0
5.9 1.85 35.0 34.2
6.0 1.89 35.3 34-7
6.1 1.92 35.6 34.6
6.2 1.95 35.5 34-4
6.3 1.96 35*5 34-3
6.4 2.01 35.4 34.1
6.5 2.05 35.2 34.1
6.6 2.08 35.1 34.1
6.7 2.11 35.2 34.2
6.8 2.14 35.3 34.2
6.9 2.17O 35.5 34.2
7.0 ro • H 35.8 35.0
o
«
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Table 1 Confirmed
Current in Magnetic field Arbitrary
Amperes in k^l(^~gaus Hall 
4.2 K
Voltage 
1.6 K
7.1 2 • 24 36.1 34°. 9
7.2 2.27 36.3 34.9
7.3 2.31 3 6 . 2 34.5
7.4 2.33 35.9 34.5
7.5 2.36 35.7 34.6
7.6 2.40 • 35.8 34.6
7.7 2.43 35.6 34.4
7.6 2.46 35.3 34.4
7.9 2.49 35.0 34.5
8. 0 2.52 34.7 34.6
8.1 2.55 ■ 35.3 35.0
8. 2 2.59 35.7 35.1
8.3 2 . 6 2 3 6 . 0 35.1
8.4 2.65 3 6 . 2 34*9
8.5 2.68 36.2 34.8
8.6 2.72 3 6 . 4 34*1
8.7 2.75 3 6 . 2 33.7
8.8 2.78 35-7 33.5
8.9 2.82 35.5 . 33.4
9.0 2.85 35.1 33.5
9.1 2.88 34.8 33.3
9.2 2.91 34.7 33.3
9.3 2.95 34.4 33.0
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Table°1 Continued
0
Current in 
Amperes
Magnetic field 
in kilo-gaus 
(H)
Arbitrary 
Hall Voltage 
4.2 K 1.6 K
9.4 2.98 34.1 33.1
9.5 3.01 34.0 33.1
9.6 3.04 34.2 33.5
9.7 3-07 34.6 33.9
9.6 3.11 34.9 34.1
9.9 3 * 14 35.6 34.1
10.0 3.16 36.0 34.4
10.1 3.20 *36.3 34.2
10.2 3.23 36.5 33.8
10.3 3.26 36.2 33-4
10.4 3.30 35-9 32.5
10.5 3.33 35.4 32.0
10.6 3.36 34.6 31.5
10.7 3.39 33.7 31.1
10.8 3.42 33.1 30.8
10.9 3.45 32.2 30.7
11.0 3.48 3 1 . 8 3 0 . 6
11.1 3.52 31.5 . 30 . 6
11.2 3.55 31.5 30.5
11.3 3.58
«
31.2 30.3
11.4 3*61 31.3 30.1
11.5 3*65 30.7 29.6
e
oe
Q
o
Current in 
® Amperes
o
11.6
11.7
11.6
11.9
12.0 
12.1 
12.2
12.3
12.A
12.5
12.6
12.7
12.6»
12.9
1 3 . 0
13.1 
13-2
13.3
13.A
13.5
13.6 
13*7
O
O
Table 1 Continued
Magnetic field 
in kilo-gaus 
<H)
3.66
•
3*71 
3*74 
3*77
3.60
3-84 
3*67 
3*90 
3*94 
3*97
4.00
4.03
4.06
4.10
4.13
4.16 
4.19 
4.22 
4 * 26 
4*29
e
4.32
4.35
©
©
Arbitrary
Hall Voltage
4.2 K 1.6 K
30.2 29.4
29.4 29.3
’29.3 29.2
29.5 29.5
30.0 3 0 . 0
3 0 . 6 30,4
31.0 30.7
31.7 30.8
3 2 . 0 30.7
32.3 30.5
32.7 30.4
33.0 29.9
33.0 29.4
33-0 28.9
3 2 . 6 28.3
31.4 27.5
3 1 . 0 26.4
3 0 . 2 2 5 . 6
29.0 24.9
26.1 2if . 4
27.1 2 3 . 6
2 6 . 3 23.1
O
©
©o
Current in 
Amperes
13*3 
13*9
14.0 
14*1 
14*2 
14*3
14.4
14.5
14.6
14.7
14.3 
14*9
15.0
15.1
15.2
15.3 
15*4
15.5
1 5 . 6
15.7
1 5 . 8  
15*9
Table 1 Continued 0
Magnetic field 
in kilo-gaus 
(H)
4.38
4.41 
4*45 
4.48 
4.51 
4.54 
4.58
4.61 
4* 6 4
4.67
4.70
4.74
4.77
4 . 8 0
4.83
4.87
4.89 
4*92
4.95 
4.98
5.02
5.05
o
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0
Arbitrary 
Hall Voltage
4 . 2  K 1.6 K
£5.2 2 2 . 9
24.7 2 2 . 6
2 4 . 2 22*5
23.9 22.4
23.7 22.5
2 3 . 6 2 2 . 0
2 3 . 2 21.7
2 3 . 0 2 1 . 6
2 2 .8 * 21.4
22.3 20.9
21.9 2 0 . 4
2 1 . 6 2 0 . 0
2 1 . 0 19.7
2 0 . 0 1 9 . 0
19.5 19.0
19.3 18.9
19.1 18.6
18.9 18.5
1 9 . 0 0 la . 7
19.1 18.8
18.8 1 9 . 0
19.1 1 9 .6°
o
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Table 1 Continued 
Current in Magnetic field Arbitrary
Amperes
o
in kilo-gaus 
(H)
Hall 
4.2 K
Voltage 
1.6 K
16.0 5.08 19.4 19.8
16.1 5.11 19.9 20.0
16.2 5*14 20.1 20.3
16.3 5.17 20.4 20.7
16.4 5.20 20.9 20.7
16.5 5.24 21.1 20.8
16.6 5.27 21.3 20.7
16.7 5.30 21.5 20.5
16.8 5.33 21.7 20.3
16.9 5.36 21.8 20.1
17.0 5.40 21.7 19.6
17.1 5-44 21.5 19.3
17.2 5.47 21.1 18.9
17.3 5.50 20.8 18.3
17.4 5.53 20.9 17.7
17.5 5.56 20.2 17.1
17.6 5.60 19.7 16.2
17.7 5.63 1 9 . 0 1 5 . 6
17.8 5.66 18.5 14.9
17.9 5.68 18.0 14.0
18.0 5.71 17.2 13.3
18.1 5.74
@
16.2 12.9
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° Table 1 Continued
Current in Magnetic field Arbitrary
Amperes „ in kilo-gaus Hall Voltage
(H) 4.2 K 1,6 K
IB,2 5.78 15.6 11.9
18.3 5.82 14.6 11.3
18.4 5.85 13.5 10.5
18.5 5.88 12.5 9.5
1 8 . 6 5.90 11.3 d .6
18.7 5.93 10.3 7.9
1 8 . 8 5. 9 6 09.6 7.5
18.9 5.98 09.1 6.8
1 9 . 0 6.01 oa.o 5.7
19.1 6.05 07.4 5.2
1 9 . 2 6 .0& 0 6 . 6 4*9
19.3 6.11 06.1 4.6
19.4 6.14 0 5 . 6 4.1
19.5 6. 1 6 04.9 3«7
1 9 . 6 6.20 0 4 . 2 3 . 2
19.7 6.23 03.4 3.2
19.8 6. 2 6 0 3 .O 2.9
19.9 6.29 02.5 2.7
20.0 0 6.32 01.9 2.6
o
0
o
©
o
Magnetic field
in kilo-gaus
1.57
1.60
1.63
1.67
1.69 
1.73 
l.?6 
1.79 
1.62 
1.65
1.69 
1.92
1.95
1.96 
2.01
2.05
2.06 
2.11 
2.14 
2.17 
2.21
Table 2
V(H)
4.2 K
19.0
19-3
19.9
20.5
20.6 
20.1
20.2 
20.0
19.9
20.2 
20.6 
21.3 
21.1 
21.0
20.9 
20*3
20.3
20.5
20.7
21.3
21.7
- V ( -H )
1.6 K
27.2
27.5
27.7
26.3
26.7
26.6
26.7
26.7
26.7
26.7
29.0
29.3
29.5
29.6 
29.6 
29.6 
29.0
29.1
26.9
29.3
30.3
c0
Table 2
O
Continued
©
etic field a V(H) - V (-H}
kilo-gaus
4.2 K 1 . 6 ;
2*. 24 22.4 3 0 . 2
2.27 22.4 . 3 0 . 6
2.31 22.3 29.6
2.33 21.1 29.3
2.36 20.6 26.9
•
2 • 4 0 20.6 29.0
2.43 20.3 26.6
2. 4 6 19.9 2 6.5
2.49 19.4 26.5
2.52 19.0 26.6
2.59 20.6 3 0 . 2
2.62• 21,6 30.4
2.65 22.3 29.6
2.66 • 22.0 29.6
2.72 21.4 26 • 4
2.75 20.6 27.4
2.7^ 19.7
0
27.0
2,62 16.7 26.7
2.65 17.9 26.9
2.66 17.4 26.6
2.91 e16.9 26.6
2.95 16.1
0
25 . 6
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Table 2 Continued °O
Magnetic field q 0 V(H) - V(-H)
in kilo-gaus
4. 2 K 1.6 :
2.98 15.5
0
25.7
3.01 15.3 25.6
3-04 1 5 . 6 26.3
3.07 I6.5 27.3
3.11 17.6 27.9
3.14 18.9• 28.2
3.16 20.3 27.9
3.20 20.7 2 7 . 6
3.23 • 20.8 26.8
3 . 2 6 20.3 25.8
0
3.30 19-2 24.3
3.33 17.6 22.9
3.36 1 5 . 8 21.9
3.39 1 4 . 0 20.9
3.42 12.9 20.7
3.45 11.3 20.6
3.48 10.7 20.5
3.52 10.1 20.3
3.55
0
10.1 1 9 . 4
3.58 9.4 1 9 . 2
3.61 9 .0 18.6
3.65 0 7.9 17.9
O o
o
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Table 2 Continued °0
Magnetic field V(H) - V{~H)
in kilo-gaus
4.2 K 1.6 K
0
3.68 ° 6.7 17*3
3-71 5.2 16.8
3.74 5.1 16.9
3.77 5.0 * 17.7
3.60 5.6 18.5
3 . 8 4 * 6.6 19.3
' 3.87 8.0 19.9
*3*90 9.3 20.1*.
3*94 10.0 20.2
3.97 10.5 20.1
4.00 11.3 19.7
4.03 11.8 19.0
4.06 11.8 18.0
4.10 11.3 16.6
« «
4.13 10.7 15.2
4.16 9.4 13.8
4.19 8.0 12.2
4*22 6 . 4 o 10.1
4.26 4.3 ° 8.7
4 - 2 9 2.0 6.8
9
1**32 "0.2 5-3
©
0
o
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Table 2 Continued
o
Magnetic field V(H) - V(-H)
in kilo-gaus
4.2 K 1.6 K
* 4-35 2.7 4.4
4.36 4.9 3*9
4.41 6.1 3.3
4.45 7.1 3.1
4.46 • 8.0 2.9
4*51 6.6 2.6
4-54 9*0 2.5
4 . 5 6 9.6 2.0
4.61 10.2 1.5
4.64 10.4 0.9
4.67 11.1 0.1
4.70 12.1 -  1.1
4.74 0 12.8 2.4
4.77 1 4 . 2 2 .8 o
4.80 15.7 4.4
4. 8 3 17.1 4.6 .
4 . 8 6 18.2 5.7
4°. 89 18 . 8 6.3
4.92 19.7 6.5
4.95 20.0 o6.2
4 . 9 8  ° 20.2 6.1 .
5.02 20.4 5.4
©0
Q
'O'
. 83
Table 2 Continued
Magnetic field V(=H) - V(-H)
in kilo-gaus
4.2 K 1.6 K
5 . 0 5 2 0 . 0 4 . 6
5 . 0 8 19.7 4*1
5.H 1 9 . 0 3*6
5.14 18.7 3.2
5.17 1 7 . 6 2 . 8
5 . 2 0 16.9 2.4
5.24 I6 . 3 2.3
5.27 1 5 . 2 2*5
5.30 14.9 2.7
5.33 14.6 3-1
5.36 14.3 3*6
5.40 14.3 4*3
5 .44 14.2 5.1
5.47 1 5 . 0 6 . 4
5.50 15-3 7*3
5.53 15*5 8 . 7
5.56 16.9 9.9
5*60 17.8 1 1 . 8
5.63 18.9 13*3
5 . 6 6 2 0 . 1 15*1
81+
Table 2 Continued
Magnetic field V(H) - V(-H)
in kilo-gaus
4.2 K 1.6 K
5 . 6 8  2 1 . 8  1 7 . 0
5.71 23-3 18.5
5.74 2 5 .I 2 0 . 2
5.78 2 6 . 8  22.5
5 . 8 2  28.8 2 4 . 0
5.85 31.3 2 6 . 1
5 . 8 8  3 3 . 6  2 7 . 6
5.90 36.0 29.8
5.93 37.9 31.5
5.96 39.3 32.9
5.98 40.9 34.5
6.01 43.4 3 6 . 2
SUPPLEMENT
Important Experimental Quantities;
a) Crystal Structure of zinc
Hexagonal close packed, c/a 83 1.85, c ^ 4 *94 A 
a 3,1 2.66 A
b) Crystal Size
2. 6 5 6 x 1*103 x 0.345 cm.
c) Crystal Orientation
Hexagonal axis inclined at 4 4 .0° with the 
normal to the plane of the crystal and 2.0° 
above the horizontal plane..
d) Probe distances
Hall 0.716 cm.
Magnetoresistance 1.011 cm.
e ) Curre nt
O .695 to 1.0 amp., Current density 25*921 to 
2 6 . 3 1 6 amp/sq. cm.
f) Effective Hall Probe distance
0.515 cm.
o
0 86
O 0
 ^ ( 1 )g) Data from the de Haas van&- Alphen effect.
o
n^/nio m3^mo ° Eo x lollf n °
5.7 x 1'0 ”3 8.2 x 1 0 ~ 3 0.9 4*2 5.8 x 10“ 6
1.7 0.42 1.1 x 1 0 “ 2 7? 2.0 x 1 0 “4
o
0.4 20 1 0 ~ 3
° (21  0h) Data from electronic specific heat. 1
*(3)m
r—  - 0.9m0
i) Data from the Hall and magnetoresistance effects.
—  = 0.88 nlm =  0.16 
nA
j) Resistivity:
{300 k) 4 *3 :5 x 1 0 ~ 6
(4.2 K) 3 . 6 2 x 10“9 .
(1.6 K) 3.60 x IQ-9
(4.2 K) / (300 K) = 0 . 8 3 2 x 1 0 ”3
Ohm-Cm.
D. Shoenberg, "Progress in low temperature Physics," 
(North Holland Publishing Company), Vol II, p. 255,
Amsterdam (1957).
(2)
W. H. Keesom and J. N. Van den Ande, Proc. Amstd. 
Akad. Sci., 143 (1932).
(3)N is assumed to be given by valency.
a
S7
O
o
Important conclusions:
1. Doable pQeak analysis shows the harmonics too strong
® « ©
O O
for simple de Haas voivAlphen effect.
O o 0
2. The^amplitude decreases as the “temperature is 
lowered from J+.2° K to 1.6° K.
)
o o 3* Shift in phase with temperature can not be ex-.
©
plained only by the relative change of simple
0°
harmonics amplitudes. ®
o
k-. Hall effect changes sigrp at about the same
o
magnetic field at which the envelope about magneto- 
resistance changes slope from positive quadratic
o
factor to negative quadratic factor. „
o
O ,
de Haas von-Alphen effect ° „
o
1. Negligible, harmonics contribution (not in agree-
o
ment with formula).
2. Amplitude decreases with H (not in agreement with 
the correction terms).
3* Amplitude increases with the decrease of temperature
e
(in agreement with theory but contrary to correspond­
ing increase in Hall oscillation amplitude). 
Suggestions
27The number of carriers oscillates with the field as
2!1well as the kinetic energy of the carriers.
Notes added in proof;
1. Fig. 16 gives the <5Te  curves for the Hall and 
magnetnoresistance effects at the two temperatures.
88
o
2» It was mentioned in Chapter III that more accurate
study of ocrystal orientation showed that the hexagonal
0
axis was inclined to the plane of the crystal at an angle
O
of 2+6.0° and was 2.0° above the horizontal /-t plane.
The experiments described in the foregoing were conducted 
on the basis of the original data which showed the hexago­
nal axis to be in the y-i plane.
However, the experiment on the Hall effect was re- 
0 <\ 0peated with and (ssfl and it was observed that except
o
for the slight increase in the amplitude the observations 
as described in Chapter VI remained unaltered,,.
o
39
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Fig. 16
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